nature medicine a r t i c l e s Chemotherapy is the standard treatment for patients with triple negative breast cancers (TNBCs), which are estrogen-receptor protein (ER), progesterone-receptor protein (PR) and human epidermal growth factor receptor 2 (HER2) negative. Although NAC is effective in reducing the size of the primary tumor before surgery, residual disease after NAC is common and is associated with higher risk of metastatic recurrence compared to patients achieving a pCR. A growing amount of evidence shows that chemotherapeutic agents spare cancer-initiating or stem-like cells [1] [2] [3] [4] . Thus, we hypothesized that molecular profiling of treatment-refractory tumor cells may reveal alterations that are associated with drug resistance, metastatic recurrence and disease progression.
a r t i c l e s
Chemotherapy is the standard treatment for patients with triple negative breast cancers (TNBCs), which are estrogen-receptor protein (ER), progesterone-receptor protein (PR) and human epidermal growth factor receptor 2 (HER2) negative. Although NAC is effective in reducing the size of the primary tumor before surgery, residual disease after NAC is common and is associated with higher risk of metastatic recurrence compared to patients achieving a pCR. A growing amount of evidence shows that chemotherapeutic agents spare cancer-initiating or stem-like cells [1] [2] [3] [4] . Thus, we hypothesized that molecular profiling of treatment-refractory tumor cells may reveal alterations that are associated with drug resistance, metastatic recurrence and disease progression.
Here we used NanoString analyses 5 to interrogate gene expression patterns in 49 residual breast tumors after NAC to identify causal effectors of drug resistance. We quantified the levels of 355 transcripts and evaluated them for association with Ki-67 immunohistochemistry (IHC) score in tumors after NAC. From this analysis, we identified DUSP4, a negative regulator of extracellular-regulated kinase (ERK) activity, as a potential mediator of resistance to chemotherapy and a tumor suppressor in BLBC. We further characterized the role of DUSP4 in BLBC through analyses of microarray data and in vitro and in vivo studies. We also provide evidence that loss of DUSP4 may underlie Ras-ERK pathway activation in BLBC, which can be targeted clinically with inhibitors of MEK.
RESULTS
We performed NanoString gene expression profiling on 49 formalinfixed paraffin-embedded (FFPE) archival tissues from breast cancers resected after NAC ( Fig. 1a and Supplementary Table 1) . Because high tumor cell proliferation after NAC, as measured by Ki-67 IHC score, correlates with long-term outcome 6, 7 , we used this biomarker as a surrogate endpoint for the effects of therapy. This cohort was enriched with TNBC specimens, where chemotherapy is the standard of care. The Ki-67 score ranged from 2.44-99.03% (Fig. 1b) and was associated with hormone receptors and HER2 status, with the highest positivity present in the TNBC samples (Fig. 1c) .
Gene expression profiling in archival tissues after NAC Because of limitations in the number of genes that can be simultaneously assayed by NanoString, we assembled a priority list of transcripts to quantify. We interrogated the literature to identify gene signatures that are associated with high-grade, chemotherapy-resistant tumors, including the 21-gene Recurrence Score (Oncotype DX) signature 8 , an 18-gene chemo-resistance signature (CHEMO) 9 , a 50-gene stromal metagene signature (STROMAL_META) 10 and a 13-gene winglessrelated MMTV integration site (Wnt) pathway signature that predicts metastatic behavior (WNT/METS) 11 . We also analyzed other genes known to be involved in breast cancer that were not included in these signatures (Supplementary Table 2 ). Additionally, we incorporated class discovery approaches into the analysis (see Online Methods). Briefly, we subjected ER -breast tumors from the European Organisation for Research and Treatment of Cancer (EORTC) 10994 study that did not achieve a complete response to NAC 10 to hierarchical clustering to identify the two most biologically distinct groups of tumors (Supplementary Fig. 1a ). We hypothesized that these tumor and patient groups may correspond to Ki-67 hi and Ki-67 lo phenotypes after NAC. We tested the 354 microarray probe sets (244 unique genes, hereafter referred as the CLUSTER signature) differentiating these two classes for overlap with the Molecular Signatures Database (http://www.broadinstitute.org/; c2 curated), and we found them to be enriched for genes indicative of Ras activation, breast cancer 1 (BRCA1) deficiency (cluster A) and ER activation (cluster B) (Supplementary Fig. 1b) . These genes clustered a panel of 50 breast cancer cell lines according to molecular subtype ( Supplementary  Fig. 1c) , and we combined this panel with the previously published signatures to form a target set comprising 355 unique transcripts.
We profiled the RNA extracted from the 49 tumor blocks ( Supplementary Fig. 2a-e) in duplicate using NanoString. The interreplicate correlations ranged from 0.9985 to ~1.0 ( Supplementary  Fig. 2f) . The seven control genes, selected from existing microdissected tumor microarray data as having low interpatient variability, were well correlated, suggesting that they were appropriate normalization factors (Supplementary Fig. 2g ). We excluded 10 of the 355 transcripts because of poor signal-to-noise ratios. The normalized data and sample annotations are shown in Supplementary Tables 3 and 4. As an internal control, digital transcript counts for ESR1 (encoding ER), PGR (encoding PR) and ERBB2 (encoding HER2) were highly associated with clinical ER, PR and HER2 status ( Supplementary  Fig. 3a-f) . Ki-67 score in the tumors after NAC was also highly correlated with expression of MKI67 (Pearson's r = 0.7, P < 0.0001) (Supplementary Fig. 3g ). These findings show the integrity of the acquired gene expression data.
Ki-67 score after NAC varies with molecular subtype Molecular subtype is a strong prognostic variable in breast cancer and should be considered when performing gene expression profiling of breast tumors 6, 7, 12, 13 . To determine the molecular subtype of the 49 tumors, we used unsupervised hierarchical clustering of the expression data, which produced four distinct clusters (Fig. 1d) . The gene expression patterns of known basal and luminal markers differentiated between the two most prominent clusters (basal-like and luminal, n = 22 and 13, respectively); the third cluster contained the majority of the HER2-overexpressing tumors (n = 10). The fourth cluster contained both basal and luminal markers, and we designated it as the 'normal-like' cluster (n = 4).
Similar to hormone receptors (ER and PR) and HER2 status (Fig. 1c) , we found a strong association between molecular subtype and Ki-67 score after NAC, which was the highest in the BLBCs (Fig. 1e) . However, Ki-67 scores after NAC had high intra-subtype variability, particularly in BLBC, reflecting the heterogeneity of the basal-like subtype.
Gene sets associated with Ki-67 scores in treated tumors We next applied the CLUSTER signature, described above, to the 49 breast tumors. We hypothesized that the collective expression of these genes may be associated with Ki-67 scores after NAC. Indeed, the CLUSTER signature (Supplementary Table 2 ) was highly correlated with Ki-67 score after NAC, as well as with the grade, mitotic index and Fig. 4a-e) . Three of the four preselected signatures (from CHEMO 9 , WNT/METS 11 and Oncotype DX 8 ) were also associated with Ki-67 score after NAC (Supplementary Fig. 5 ). Both the STROMAL_META signature and the CHEMO signature were previously reported to predict resistance to chemotherapy 9, 10 . Paradoxically, the signature scores for CHEMO and WNT/WETS here were inversely correlated with a high Ki-67 score (we observed the lowest chemotherapy resistance scores for the tumors with the highest expression of Ki-67). This finding suggests two possibilities: (i) many gene signatures predicting sensitivity to chemotherapy are driven primarily by proliferation-related genes, as highly proliferative tumors are often responsive to this type of treatment and/or (ii) gene expression profiling of the tumors after NAC produces different information than profiling before NAC. The Oncotype DX algorithm maintained a strong predictive capacity in tumors after NAC, presumably because it is heavily weighted to proliferationassociated genes (Supplementary Fig. 5d ). Although Ki-67 score after NAC prognosticates patient outcome but not necessarily chemoresistance, it is intuitive that those cells that retain high proliferation despite treatment will probably be resistant to chemotherapeutic agents.
Ras-ERK pathway activation in breast tumors after NAC To identify targetable pathways in chemotherapy-refractory cancer cells, we tested genes that significantly correlated with a high Ki-67 score (P < 0.05) for overlap with the Molecular Signatures Database. 14, 15 . The expression of these genes was inversely correlated with Ki-67 score after NAC, suggesting that activation of KRAS is associated with high tumor cell proliferation after treatment. This was surprising to us, as mutations in KRAS are rare in human breast tumors 16, 17 , and sequencing of KRAS codon 12 in the BLBCs from this cohort did not identify any mutations (data not shown). Thus, the gene signatures observed in BLBCs expressing a high Ki-67 score that associate with Ras-ERK pathway activation probably occur through mechanisms other than KRAS mutations.
DUSP4 loss associates with BLBC and Ras-ERK activation
Consistent with activation of the Ras-ERK pathway, low expression of DUSP4, a negative regulator of ERK1 and ERK2, had the strongest correlation with high Ki-67 score (P = 0.001; Fig. 2a ). Low DUSP4 expression also correlated with BLBC subtype but retained its inverse association with Ki-67 score when considering only basal-like tumors (Spearman's r = -0.64, P = 0.001). To confirm this finding, we examined DUSP4 expression as measured by NanoString in a second cohort 21 . P <0.0001 by ANOVA followed by Bonferroni post-hoc t test correction. **P < 0.01, ***P < 0.001. LumA, luminal A; LumB, luminal B. (e) Association of DUSP4 promoter methylation data with reported molecular subtype 22 in 138 annotated breast tumors. P = 0.01 by ANOVA followed by Bonferroni post-hoc t test correction. + P < 0.1, *P < 0.05, **P < 0.01. (f) Association of the Ras-ERK pathway score 24 (Online Methods) with pERK1/2 signal, as measured by RPPA in 42 of 50 cell lines in the ICBP-50 panel. The P value shown was calculated using Pearson's trend test. (g) Association of the Ras-ERK pathway score for 230 breast tumors of patients in the MAQC-II study 21 with molecular subtype, as determined by PAM50 analysis. P < 0.0001 by ANOVA followed by Bonferroni post-hoc t test correction.***P < 0.001. (h) Kaplan-Meier analysis of 286 breast tumors (Gene Expression Omnibus accession GSE2034) 25 of 89 TNBCs after NAC (Fig. 2b) . Probes specific for each of the known DUSP4 transcript variants (NM_001394 and NM_057158 (ref . 18)) correlated significantly with the Ki-67 score after NAC (P = 0.0348 and P = 0.0008, respectively). In existing microarray datasets, DUSP4 mRNA levels were lowest in BLBC cell lines and tumors ( Fig. 2c,d ) [19] [20] [21] despite their high intra-subtype variability. Moreover, reanalysis of two recent methylation studies in cohorts of 138 (ref. 22 ) and 28 breast cancers 23 showed that DUSP4 promoter methylation associates with BLBC ( Fig. 2e and Supplementary Fig. 6 ).
We next examined the relationship between DUSP4 expression and a Ras-ERK pathway activation gene signature 24 . First, we confirmed that a published gene expression-based Ras-ERK pathway activation score correlated with the amount of phosphorylation at Thr202 and Tyr204 in ERK1 and Thr185 and Tyr187 of ERK2 respectively (pERK1/2 T202/Y204 ) determined by reverse-phase protein arrays (RPPA) in the Integrative Cancer Biology Program (ICBP)-50 breast cancer cell line panel (Pearson's r = 0.57, P < 0.0001; Fig. 2f ). The signature also correlated with basal-like and HER2 + primary tumors but not with the luminal A and B subtypes ( Fig. 2g ; n = 230) 21 . HER2 strongly activates Ras-ERK signaling, potentially explaining the association with this molecular subtype. Moreover, in a dataset of 286 breast cancers from patients who did not receive adjuvant therapy 25 , low DUSP4 expression predicted shorter recurrence-free survival time (P = 0.0004, hazard ratio = 1.99, Cox proportional hazard univariate P = 0.0005; Fig. 2h) . Notably, DUSP4 mRNA expression retained its significance after adjusting for molecular subtype in a multivariate analysis (Cox proportional hazard P = 0.002). These data suggest that low DUSP4 expression in resected tumors is a potential biomarker for a high likelihood of residual micrometastatic disease and tumor recurrence that is independent of molecular subtype.
DUSP4 loss associates with high ERK activity in BLBC IHC staining for DUSP4 and pERK1/2 T202/Y204 in 17 BLBCs after NAC revealed an inverse correlation between pERK1/2 and DUSP4 (Fig. 3a,b) , suggesting that DUSP4 deficiency associates with Ras-ERK pathway activation in chemotherapy-refractory BLBC. Sections from a HER2-gene-amplified BT-474 xenograft stained high for both DUSP4 and pERK1/2 (Fig. 3a) , consistent with the observation that HER2-overexpressing tumors have high mRNA expression and an activated Ras-ERK signature (Fig. 2d,g ). In a panel of breast cancer cell lines, DUSP4 concentrations were inversely associated with pERK1/2 and pETS-1 (an ERK1/2 substrate) expression and with Ras-ERK gene signature score (Fig. 3c) . In addition, DUSP4 mRNA expression was inversely correlated with Ras-ERK pathway score (P = 0.0064) in a series of 230 primary breast cancers (Fig. 3d) .
DUSP4 expression modulates ERK activity in BLBC
We next tested the effect of restoring DUSP4 expression in BLBC cell lines. Reconstitution of DUSP4 inhibited the phosphorylation of ERK1/2 and downstream effectors ETS-1 and ELK-1, members of the ETS oncogene family (Fig. 4a) . In contrast, these effectors were activated after transduction with constitutively active MEK1. DUSP4 overexpression reduced the viability of MDA-231 and BT-549 cells but had little effect on MDA-436 cells (Fig. 4b) .
To study the effects of loss of DUSP4, we transfected breast cancer cells with siRNA targeting DUSP4 (siDUSP4) (Fig. 4c,d) . Treatment with either of two siDUSP4 sequences had variable effects on ERK phosphorylation but consistently induced activation and expression of the ERK effector ETS-1 in three out of three basal-like cell lines (MDA-231, BT-549 and MDA-436). We speculate that ETS-1 activation may be a better marker of ERK activity in the nucleus, where DUSP4 localizes, than total cellular phosphorylation of ERK.
Knockdown of DUSP4 attenuates response to chemotherapy
We next examined whether DUSP4 loss exerts a chemoprotective effect in breast epithelial cells. SiRNA knockdown of DUSP4 increased the half-maximal inhibitory concentration (IC 50 ) of docetaxel, enhanced MEK-dependent cell proliferation and protected against docetaxelinduced apoptosis in MCF-10A immortalized human mammary epithelial cells (Supplementary Fig. 7a-d) . We obtained similar results in MDA-231 and MCF-7 breast cancer cells transfected with siDUSP4 ( Supplementary Fig. 7e,f) . To confirm the specificity of this result to DUSP4, we transduced MDA-231 cells with wild-type DUSP4 or with a synonymous DUSP4 mutant that is resistant to siRNA-mediated degradation (Supplementary Fig. 7g-i) . Transduction with the Fig. 7j ).
Collectively, these results suggest that DUSP4 loss protects breast cancer cells from chemotherapy-induced apoptosis.
DUSP4 loss after NAC correlates with poor patient outcome Our in vitro studies suggested a role for DUSP4 in dampening the response to chemotherapy. To further support a chemoprotective effect of DUSP4 loss, at least one of two scenarios must occur: (i) pretreatment concentrations of DUSP4 must predict clinical response to NAC, or (ii) cells expressing low amounts of DUSP4 must be enriched after NAC. In the EORTC 10994 (ref. 10) and MAQC-II breast cancer studies 21 , after adjusting for molecular subtype, DUSP4 expression before treatment was not associated with pathological complete response (pCR) (data not shown), thus arguing against the first possibility. We next asked whether DUSP4 expression was reduced in the residual tumors following NAC. We assayed the pretreatment biopsies from 15 patients in our cohort for Ki-67 score and DUSP4 expression and compared these results to those from the residual tumor after NAC. Patients that lost DUSP4 expression also had an increase in the tumor Ki-67 score after NAC. Of note, these patients had a shorter recurrence-free survival (Fig. 5a,b) . We confirmed the association of loss of DUSP4 expression with poor clinical response to NAC in two other published cohorts (Fig. 5c) . In one of these studies, 32 breast tumors were sampled before and after four cycles of NAC with epirubicin and cyclophosphamide, which was followed by four cycles of docetaxel 26 . All patients with expression data at both time points had residual disease after therapy. Patients with a substantial volumetric response by ultrasonography showed increased DUSP4 expression after NAC, whereas patients with a poor response to NAC lost or maintained low DUSP4 expression. A similar finding was made by a second study comprised of 15 patients who were treated with four cycles of docetaxel and capecitabine. Data from tumors sampled at baseline and at surgery were analyzed. Patients were categorized as responders or non-responders based on the change in tumor size by clinical exam and pathological response 27 . Thus, the combined analyses of these three studies suggest a causal association between DUSP4 deficiency and a lower response to anti-cancer chemotherapy.
Inhibition of MEK improves chemotherapy-induced apoptosis
Given the role of DUSP4 in negative regulation of ERK1 and ERK2, we hypothesized that low expression of DUSP4 may be partly responsible for Ras-ERK pathway dependency and may be a potential biomarker for response to MEK inhibition. In support of this notion, we found that DUSP4 mRNA expression correlated inversely with sensitivity to the MEK inhibitors CI-1040 and U0126 across 17 BLBC cell lines, particularly when we excluded cell lines with 26, 27 . A two-tailed t test was used to test for differences between patients who had a substantial tumor response (R) to NAC and those that did not (NR). Fig. 8 ). Thus, we next determined whether MEK inhibition with AZD6244 (selumetinib) enhances docetaxel-induced apoptosis in breast cancer cells. Selumetinib was anti-proliferative in BLBC cells and antagonized the effects of docetaxel (data not shown), as has been observed by others 28 . However, three out of four BLBC cell lines treated with sequenced selumetinib after docetaxel treatment showed higher levels of cleaved caspase 3 and cleaved poly-(ADPribose) polymerase (PARP) compared to lines treated with docetaxel alone (Fig. 6a) . Similar to selumetinib, transduction of DUSP4 also enhanced docetaxel-induced apoptosis in MDA-231 and MDA-436 cells (Fig. 6b,c) .
To confirm these findings in vivo, we established MDA-231 xenografts in athymic mice and randomized them to treatment with docetaxel or vehicle, each with or without selumetinib. Treatment with selumetinib alone arrested the growth of MDA-231 xenografts, whereas treatment with docetaxel alone transiently delayed tumor growth. In contrast, we found marked tumor regression in the combination treatment arm (Fig. 6d) . There was significant interaction effect (P = 0.003) between selumetinib and docetaxel in the effect on tumor size, suggesting therapeutic synergy. Immunoblot analyses of tumor lysates harvested after 3 days of treatment confirmed downregulation of pERK1/2 and ETS-1 in xenografts treated with selumetinib alone or in combination with docetaxel (Fig. 6e) . These data provide further evidence that activation of the Ras-MAPK pathway can dampen the response to anti-cancer chemotherapy in vivo and support clinical trials combining these agents in DUSP4-deficient BLBC.
DISCUSSION
Archival FFPE tissues are a large source of primary tumor material that can be used for the identification of molecular markers that are associated with cancer behavior and patient outcome. Recent advances in cancer stem cell biology and tumor cell drug resistance have suggested the importance of molecularly profiling tumors after in vivo drug selection of treatment-refractory cancer cell subpopulations 6, [29] [30] [31] . However, tumors after treatment are often paucicellular and include substantial necrotic and non-tumor cell contamination. Thus, accurate profiling in these specimens can be challenging. Using macrodissection coupled with digital expression analyses in treatment-refractory breast tumors after NAC, we report here a discovery-based methodology that may be useful in identifying mechanisms of drug resistance. Because patients with residual tumors after NAC, particularly those with high residual cell proliferation, have a higher probability of early metastatic recurrence and death than those who achieve a pCR, we hypothesize that the gene expression profile in these refractory cancers should mirror the expression profile of the residual micrometastases 6, 7 . Exploring these profiles may enable the discovery of molecular alterations driving tumor recurrence, paving the way for rational adjuvant therapies targeting micrometastases. Gene expression profiling of specimens after NAC resulted in several key findings. First, the Ki-67 score after NAC was highly related to the molecular and clinical subtype of breast cancer. To our knowledge, this association has not been previously shown. Second, in line with the hypothesis that residual tumors with high Ki-67 scores after chemotherapy harbor biomarkers and causal effectors of drug resistance, we identified loss of the phosphatase DUSP4 as a targetable mediator of drug resistance.
DUSP4 deregulation has been observed in lung cancer cell lines and primary tumors, and epigenetic silencing of DUSP4 has been noted in glioblastomas [32] [33] [34] . A previous study showed DUSP4 copy number loss by fluorescence in situ hybridization in breast cancers 35 . Thus, copy number loss may also influence DUSP4 expression, resulting in a loss of negative feedback mechanisms to Ras-ERK pathway activation and a dependence on this pathway for tumor cell proliferation and survival. Supporting this notion, we found that DUSP4 mRNA expression correlated inversely with sensitivity to the MEK inhibitors CI-1040 and U0126 in BLBC cell lines, particularly when excluding PTEN-null cell lines. PTEN loss increases phosphoinositide-3-kinase (PI3K) pathway activation, potentially providing MEK-independent growth and survival signals. Thus, we predict that DUSP4 expression (coupled with PTEN status) is a testable biomarker for sensitivity to MEK inhibitors in patients with BLBC. Furthermore, as DUSP4 expression was reduced in breast tumors that responded poorly to NAC, we propose that patients with residual disease after NAC may benefit from adjuvant therapy with an inhibitor of MEK.
In HEK293 cells, overexpression of DUSP4 also results in chemoresistance through repression of apoptosis mediated by mitogenactivated protein kinase 8 (JNK) 36 . However, these data contrast with other data supporting a breast-cancer-promoting role for JNK [37] [38] [39] . JNK and ERK1/2 pathway crosstalk mediates an epithelialmesenchymal transition phenotype in breast cancer 39 , which is a hallmark of chemotherapy-resistant, tumor-initiating cancer cells 3, 40 . Future studies will be needed to elucidate the contributions of JNK and ERK in promoting stem-like behavior in DUSP4-deficient breast cancer cells.
In summary, molecular profiling of chemotherapy-resistant breast cancers after NAC identified loss of the MAPK phosphatase DUSP4 and activation of the Ras-ERK pathway in BLBC. We propose that further molecular profiling of tumor samples after NAC will yield other actionable molecular targets that can be used to eliminate drugresistant subpopulations of breast cancer cells.
METHODS
Methods and any associated references are available in the online version of the paper. 
ONLINE METHODS
Tumor samples and patients. Breast tumor blocks were from a cohort of patients who had consented to the use of any deidentified tissues for research purposes under the auspices of an institutional review board-approved protocol (Vanderbilt IRB number 030747). Selection was based on the following factors: (i) the patient received NAC as treatment and had residual disease at surgery; (ii) sufficient FFPE tissue was available for nucleic acid purification; and (iii) presurgical clinical parameters (grade, mitotic index and ER, PR and HER2 status) were available. Samples were included only if they were deemed by an expert pathologist to contain ≥20% tumor cells in the entire section or if they contained a region with ≥20% tumor cells that could be macrodissected. In total, 49 samples met these criteria. Fifteen of 49 patients had pretreatment tumor biopsies available. This methodology was repeated for a cohort of 89 TNBC FFPE specimens resected after NAC. Patients in this second cohort were identified retrospectively at the Instituto Nacional de Enfermedades Neoplásicas, Lima, Perú and were collected under an institutionally approved protocol (INEN 10-018 ).
Macrodissection. To perform macrodissection, 3-5 serial 10-µm sections of tumor were adhered to uncharged slides using nuclease-free water. One additional 5-µm adjacent section was stained for H&E. The tumor hotspot region was outlined by an expert breast histopathologist. Each slide from the block was then overlaid on the H&E-stained slide and oriented according to the features of the section. The area surrounding the tumor-dense target region was scraped away using a sterile razor blade; the remaining tumor region was scraped into a 1.7-ml tube using a fresh blade. This process was repeated for all of the sections for each macrodissected sample.
Nucleic acid purification. Nucleic acid purification was performed using the Agencourt FormaPure Kit (Beckman Coulter, Beverly, MA) according to the manufacturer's instructions. Total nucleic acid was extracted from the samples. DNAse treatment was performed on 1 µg total nucleic acid before nCounter analysis.
NanoString nCounter analysis. RNA samples were provided to NanoString (Seattle, WA) for analysis. Samples were assayed on a Bioanalyzer (Agilent, Santa Clara, CA) to determine the concentration of intact RNA ( Supplementary  Fig. 2 ). Code sets were synthesized targeting 355 genes and 14 controls (369-plex code set). The raw transcript counts were normalized by dividing by the geometric mean of the seven preselected normalization housekeeper genes (WAS, CD40, B2M, NAGA, TUBB, NPAS2 and POLR1B), which cover a range of levels of constitutive expression.
Molecular subtyping.
Intrinsic subtyping was performed on the NanoString data by hierarchical clustering. Four clusters were identified. On the basis of the gene expressions of known basal (KIT, EGFR, KRT5 and KRT14), luminal (ESR1, PGR and GATA3) and HER2-enriched (ERBB2) markers, these clusters were annotated accordingly. For external microarray data sets, PAM50 molecular subtyping was performed using the genefu package in R on the scaled log 2 -normalized microarray data 13, 41 .
Immunohistochemistry. Immunohistochemistry was performed for Ki-67 (m7240; Dako, Denmark), pERK1/2 (Cell Signaling, 9101) and DUSP4 (Santa Cruz, sc-10797). FFPE tumor sections were scanned at 100× magnification, and the area containing the highest number of positive cells in each case was selected. Positive and negative tumor cells were manually counted at 400×; the percentage of positive cells was calculated with at least 700 viable cells. Antigen retrieval for Ki-67 was performed using HpH Buffer (pH 8.0) in a decloaking chamber (Biocare Medical, Concord, MA). The antibody to Ki-67 (m7240; Dako, Denmark) was used at a 1:75 dilution overnight. Visualization was performed using the 4plus Detection System (Biocare) and 3,3′-diaminobenzidine (DAB) (Dako) as the chromogen. IHC was performed for DUSP4 (Santa Cruz, sc-10797) according to the following parameters: antigen retrieval using citrate buffer, pH 6.0 (decloaking chamber); dilution of 1:100; overnight incubation at 4 °C; and the Envision Visualization System from Dako. IHC was performed for pERK1/2 (Cell Signaling, 9101) according to the following parameters: antigen retrieval using citrate buffer, pH 6.0 (decloaking chamber); dilution of 1:80; overnight incubation at 4 °C; and the Envision Visualization System from Dako using DAB (Dako). DUSP4-and pERK1/2-stained tumor regions were scored independently for cytoplasmic and nuclear staining by an expert histopathologist by calculating the product of the percentage of cells staining at each intensity level and the intensity level (1+ to 3+ intensity, as estimated by an expert pathologist). An H score was then calculated by summing the individual intensity level scores. A composite H score was calculated by summing the H scores for the nuclear and cytoplasmic regions.
Statistical analyses. Hierarchical clustering, linear regression, Kaplan-Meier analyses, ANOVA and Student's t tests were performed in R (http://cran. r-project.org/) or GraphPad Prism (GraphPad Software, La Jolla, CA). Receiver operator characteristic curves were generated using JMP 7 (SAS Institute, Cary, NC). Bonferroni-corrected post-hoc t tests were used to make selected comparisons in multigroup analyses after a significant result was obtained using ANOVA.
Cell lines. All cell lines were obtained from American Type Culture Collection (Rockland, MD). MDA-231, MCF-7, MDA-436 and T47D cells were cultured in DMEM with 10% FBS (Gibco). SUM159PT cells were cultured in DMEM with 5% FBS and 0.5 µg/ml hydrocortisone. BT-549 cells were cultured in RPMI with 10% FBS. MCF-10A cells were grown in DMEM and F12 at a 1:1 ratio with 5% horse serum, 10 µg/ml insulin, 100 ng/ml cholera toxin, 0.5 µg/ml hydrocortisone and 20 ng/ml epidermal growth factor.
Inhibitors. Docetaxel was obtained from the Vanderbilt University Hospital
Outpatient Pharmacy and diluted in DMSO to a stock concentration of 1.25 mM. Selumetinib was provided by AstraZeneca and reconstituted in DMSO at a stock concentration of 10 µM. Selumetinib was tested in cells at a final concentration of 1 µM.
Xenograft experiments. MDA-231 cells (1 × 10 6 ) were injected into the left inguinal mammary fatpads of female BALB/c athymic mice (Harlan Laboratories) in 100 µl 1:1 DMEM and growth-factor-reduced Matrigel (BD Biosciences). All tumors were palpable within 10 d. Tumor volume in mm 3 was measured three times weekly using the formula: volume = width 2 × length / 2. When tumors were ≥100 mm 3 , mice were randomized to receive saline (control) or docetaxel (15 mg per kg body weight weekly intraperitoneally), each with or without selumetinib (25 mg per kg body weight emulsified in 50 µl 0.1% methylcellulose and 0.1% Tween-80, twice daily orally; n = 9 per group) or vehicle gavage. Mice were treated through day 24, at which time they were killed for tumor collection 1 h after the last administration of selumetinib. In some cases, tumors were collected after 3 d of therapy to assess the inhibition of drug targets in situ.
Immunoblotting. Immunoblotting was carried out as described 42 . Antibodies to the following were used for immunoblotting: pERK1/2 (phosphorylated at Thr202 or Tyr204; 9101; 1:5,000), cleaved caspase 3 (9664; 1:500), PARP (9542; 1:1,000), calnexin (2433; 1:5,000), pELK-1 (9181; 1:1,000), ELK-1 (9182; 1:1,000), pcJun (2361; 1:1,000), cJun (9165; 1:1,000) (all from Cell Signaling), pETS-1 (phosphorylated at Thr38, Invitrogen, 44-1104G; 1:500), ETS-1 (Santa Cruz, sc-350; 1:1,000), DUSP4 (Abcam, ab7259; 1:500) and actin (Sigma, A2066; 1:10,000).
Gene set and metagene selection. The STROMAL_META metagene group comprised a set of 50 genes shown to be correlated with the seed stromal gene DCN (decorin) fitted on an external dataset of patients with breast cancer 10 . The high expression of this metagene group predicts intrinsic resistance to chemotherapy and is reported elsewhere 10 . The CHEMO gene set is a set of 31 genes; high expression of five of these genes is associated with pCR to NAC, and high expression of the other 26 genes in the set is associated with lack of pCR after NAC. These genes were identified on a training set of 82 breast tumors to which clinical response to NAC was known, and they were then validated on a set of 51 additional breast tumors 9 . The WNT/METS gene set is a 13-gene component of a larger signature that was identified in an orthotopic human breast cancer xenograft that was metastatic to lung 11 . These 13 genes were identified by gene ontology to be linked to the Wnt pathway and were associated with reduced time to metastasis, poor prognosis and reduced overall survival in patients with breast cancer 11 .
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The CLUSTER gene set was identified by unsupervised techniques to select genes potentially correlated with Ki-67 score after therapy and, thus, with poor patient outcome. To accomplish this, 102 tumor samples that were previously published as part of the EORTC 10994 study 10 were queried using hierarchical clustering to identify subclasses within the study population that did not undergo a pCR after NAC. Expression of ER protein and its associated expression signature can easily mask other gene expression patterns of biological relevance 43 . Therefore, to ensure that an ER-driven signature was not directly selected for interrogation, we further reduced the class discovery sample set to only the 37 ER -tumors that did not have a pCR in response to NAC. These 37 tumors were subjected to hierarchical clustering (genes with >100% coefficient of variation; CV and an average signal intensity of at least 100) to identify two transcriptionally distinct classes of ER -tumors. The 354 probe sets (P < 0.01, t-sample t test), which differentiated these two classes (called here the CLUSTER signature), mapped to 244 unique Entrez identification numbers.
Selection of normalization genes. To identify candidate normalization genes a priori, we used previously published laser-capture microdissection data from 50 breast tumors (GSE5847) 44 . Genes were selected based on a low coefficient of variation among all samples (<10%) and no significant differences in expression between the tumor epithelium and the surrounding stroma. Genes with varying average expressions across all tissue samples were selected to generate a diverse series of normalization genes.
NanoString nCounter analysis. All samples were assayed in duplicate using a 5-µl aliquot for a total of 98 assays. Hybridizations were carried at 65 °C for 18 h after mixing 5 µl of sample with 20 µl NanoString nCounter Reporter Probe and 5 µl Capture Probe. To account for slight differences in assay efficiency (hybridization, purification, binding and so on), the data were normalized to the sum of six positive control RNA spikes. The concentrations of the control RNA spikes ranged from 0.125 to 128 fM. All but one assay (of 98 total) passed quality control metrics for control spike linearity (R 2 > 0.95) and sensitivity (control spike detection at 0.5 fM).
Expression data normalization, technical reproducibility and robustness. The correlation of expression across the 348 assayed genes was calculated for each pair of technical replicates. The interreplicate correlation was extremely high for 48 of the 49 samples (replicate r range of 0.998869-0.999991; ( Supplementary  Fig. 2f) ). One sample was not assayed in duplicate because of a technical problem with a replicate that did not produce a signal.
Raw nCounter data from seven preselected normalization genes were first plotted as a correlation matrix to test their similarity of expression before using them to normalize the remaining data. Plotting the expression data in this manner permits the visual identification of individual genes that vary markedly in their pattern of expression relative to other genes across all of the samples. In this case, all seven selected genes had generally high positive correlation to one another, suggesting that they were all appropriate for normalization and that their expression varied according to the amount of input RNA (Supplementary Fig. 2g) . One of the normalization genes, NPAS1, was not well correlated with several of the other normalization genes. Thus, to protect against the potential contribution of this gene as a normalization outlier, we used a geometric mean as opposed to an arithmetic mean. Therefore, the geometric mean of the seven transcript counts was calculated to serve as a normalization factor for the remaining data.
Gene set scoring. The CHEMO, WNT/METS and STROMA_META gene sets were scored by first summing the upregulated genes and downregulated genes from each respective gene set. The gene set score was then calculated as: gene set score = (upregulated gene component score) -(downregulated gene component score).
The Ras-ERK activation signature was comprised of 57 upregulated probe sets, as reported previously 24 . The 57 probe sets were extracted from the target RMA-normalized log2-transformed Affymetrix U133plus2 dataset. The resulting signal intensities were summed for each sample to generate the Ras-ERK pathway score.
The CLUSTER gene set was scored by summing the normalized log2 transcript counts for genes upregulated in the cluster A and cluster B components.
